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Abstract 
Coaggregation, the specific recognition and adherence of different microbial species, is thought to enhance 
biofilm formation. To date, no studies have focused on the ability of microorganisms isolated from a broad 
range of environments to coaggregate with each other, and it is therefore unclear whether coaggregation 
specificity plays any role in the transmission of micro-organisms between environmental niches. We aimed to 
evaluate the coaggregation ability of 29 bacteria and one fungus, isolated from a range of different 
environments, and to characterise the cell-surface polymers that mediate coaggregation between selected 
pairs. Strains were categorised as belonging to one of four microbial archetypes: aquatic, broad environment, 
human opportunistic pathogen, or human oral. Twenty-three of the thirty strains (77%) coaggregated with at 
least one other and 21/30 (70%) coaggregated with strains belonging to other archetypes. Nasopharyngeal 
bacteria belonging to the human opportunistic pathogen archetype showed the least number of coaggregations, 
and five evaluated Haemophilus influenzae strains did not coaggregate. Protease and sugar treatments 
indicated that coaggregation between strains of different archetypes was often likely mediated by lectin-
saccharide interactions (9 of 15 evaluated pairs). In conclusion, coaggregation can occur between 
taxonomically disparate species isolated from discrete environments. We propose that these organisms be 
labeled as cross-environment coaggregating organisms (CECOs). The ability to coaggregate may aid species 
to colonise non-indigenous biofilms.  
  
Introduction 
Microorganisms are not solitary entities and instead often grow together in taxonomically complex, multi-
species biofilm communities (Stoodley, et al., 2002). Species colonise these communities by interacting with 
one another through physical (e.g. aggregative) and chemical (e.g. cell-cell signaling) interactions (Wimpenny, 
2009). One type of cell-cell interaction, termed coaggregation, is characterised by the highly specific 
recognition and adhesion of different species of microorganisms to one another (Rickard, et al., 2003, Hojo, et 
al., 2009). Coaggregation, first detected to occur between different species of human oral bacteria (Gibbons & 
Nygaard, 1970), is distinct from autoaggregation, which is defined to be the binding of two genetically identical 
bacteria to one another (Kmet, et al., 1995, Elliott, et al., 2006). 
 
The determination of whether  microorganisms can coaggregate is typically achieved through an approach 
called the visual coaggregation assay (Cisar, et al., 1979). This assay is designed to visualise and semi-
quantitatively score the size of floccules of coaggregating microorganisms upon the mixing of two 
complementary strains. Despite the semi-quantitative nature, the visual assay is more rapid, less technically 
complex, and generates results that are often more reproducible than other techniques to study coaggregation 
(Bos, et al., 1999). This visual technique is ideal because it allows for a relatively rapid screening of a large 
panel of potential coaggregating pairs in order to identify strong coaggregation interactions (expressed by the 
generation of large coaggregated flocs) which can then be further studied. Consequently, the visual 
coaggregation assay has been the mainstay technique to measure coaggregation between bacteria from 
numerous different environments (Katharios-Lanwermeyer, et al., 2014). This includes bacteria and fungi from 
human dental plaque (Kolenbrander, 2000, Silverman, et al., 2010), canine dental plaque (Elliott, et al., 2006), 
the human gut and urogenital tract (Ledder, et al., 2008, Ekmekci, et al., 2009), freshwater (Rickard, et al., 
2002, Simoes, et al., 2008), and other broad environmental sources (Bossier & Verstraete, 1996, Phuong, et 
al., 2009, Vornhagen, et al., 2013). However, with the notable exception of a study by Ledder and colleagues 
(Ledder, et al., 2008) and a study by Younes and coworkers (Younes, et al., 2012), the majority of 
coaggregation studies have been typically concerned with characterizing the interaction of organisms isolated 
from a single environment. To our knowledge, no studies have determined and characterised coaggregation 
interactions between bacteria and/or fungi isolated from environmentally distinct situations. It is therefore far 
from clear whether coaggregation plays a role in maintaining the separation of micro-organisms between 
different environmental niches. 
 
Irrespective of environment being studied, coaggregation interactions have been shown to often involve cell-
surface-associated lectin-like protein adhesins that recognise and bind to complementary polysaccharide-
containing receptors found on the cell-surface of partner species (Rosen & Sela, 2006, Ledder, et al., 2008, 
Jacobs & Chenia, 2011). However, non-lectin proteins that bind to proteins on the coaggregating partner cell-
surface have also been identified, and unlike coaggregations that involve lectin adhesin-receptor 
polysaccharide interactions, such protein-protein coaggregations are not inhibited by adding specific sugars 
(Daep, et al., 2006, Silverman, et al., 2010). Nuances in the underlying mechanism of coaggregation have also 
been presented. For example, lactose inhibits coaggregation between many oral bacteria but less often 
between freshwater bacteria; galactosamine and fucose are among a range of different sugars known to inhibit 
coaggregation between freshwater bacteria (Rickard, et al., 2000, Simoes, et al., 2008). Additionally, 
freshwater bacteria express coaggregation adhesins and receptors in a growth-phase dependent manner while 
oral bacteria do not (Rickard, et al., 2000).  Coaggregation between the fungus Candida albicans and oral 
bacteria is also subject to nutritional status and the formation of hyphae (Silverman, et al., 2010). Given these 
environment-specific differences in mechanisms that mediate coaggregation, it is conceivable that 
coaggregation between microorganisms isolated from different environments would be rare and therefore 
contributes to community partitioning between biofilms within different environments. Conversely, it is also 
equally possible that species indigenous to one environment may be able to coaggregate with a broad range of 
other species that are indigenous to other environments. Such unrestrained coaggregation abilities would 
conceivably assist species in colonising and possibly persisting in taxonomically and environmentally distinct 
biofilms. For example, Staphylococcus aureus is a common human pathogen that is also isolated from biofilms 
not intimately associated with humans, such as those found in food preparation facilities (Sudagidan & 
Yemenicioglu, 2012), drinking water sources (Faria, et al., 2009), and wastewater facilities (Borjesson, et al., 
2009). S. aureus  that have been isolated from a surgical operating theater have been previously shown to 
coaggregate with  probiotic lactobacilli (Younes, et al., 2012). It should be noted that coaggregation is one of 
several types of interaction that potentially could affect mixed-species biofilm formation. Other processes that 
may also enhance or retard biofilm development include quorum sensing and metabolite exchange (Elias & 
Banin, 2012, Ren, et al., 2015). 
 
The aim of this work was to examine the ability of a broad range of microorganisms originally isolated from 
different environments to coaggregate with one another. If coaggregation was detected, we determined if the 
coaggregation interactions between select pairs were the result of lectin-like adhesin-receptor polysaccharide 
interactions. We demonstrate that coaggregation occurred between microorganisms isolated from both the 
same and different environments. Focusing on a selected panel of cross-environment coaggregating 
organisms (CECOs), we show that lectin-like adhesin-saccharide interactions likely mediate the interactions. 
Collectively, findings from this work provide a basis for further studies to determine if CECOs may have an 
enhanced ability to colonise biofilms of differing microbial ecology within environmentally distinct situations.   
Materials and Methods 
Bacterial Strains and Growth Conditions 
Strains were collected for this study from several environmentally distinct sources (Table 1). The choice of 
microorganisms for this study was based upon strain availability and the cultivation abilities of our laboratory. A 
taxonomically diverse panel was intentionally created and some strains in the panel, that were previously 
known to coaggregate intra-environmentally, acted as a positive control for the tests (Table 1).  Freshwater and 
food processing strains were grown in R2A medium (Reasoner & Geldreich, 1985) at 30oC in an orbital shaker 
set to 200 rpm. H. influenzae strains were grown in Brain Heart Infusion (BHI, Becton Dickinson, and company, 
Franklin Lakes, New Jersey) supplemented with 10 μg mL−1 hemin and 10 μg mL−1 nicotinamide adenine 
dinucleotide at 37oC in a 5% CO2 atmosphere All the remaining strains including oral and other 
nasopharyngeal strains were grown in BHI in a 5% CO2 atmosphere. All strains were stored at −80°C in 50% 
v/v glycerol solution. 
 
Bacterial Identification by Partial 16S rRNA PCR Amplification and Sequencing 
Using a protocol described by Vornhagen and coworkers (Vornhagen, et al., 2013) the identity of the bacterial 
strains were determined by partial 16S rRNA gene sequencing. The forward primer 8FPL 
(AGTTTGATCCTGGCTCAG) and reverse primer 806R (GGACTACCAGGGTATCTAAT) were used to 
generate an 806 nucleotide PCR-amplified product (0-806 nucleotides of the gene) using the approach 
originally described by Rickard and colleagues (Rickard, et al., 2000). Amplified products were cleaned using a 
QIAquick PCR Purification Kit (Qiagen, Valencia, CA). Purified DNA was then assessed for quantity using a 
NanoDrop 2000c spectrophotometer (Thermo Scientific, Watham, MA). Sequencing was performed by the 
University of Michigan DNA Sequencing Core (Ann Arbor, MI) using an Applied Biosystems 3730xl DNA 
Analyzer (Applied Biosystems, Carlsbad, CA) and BigDye v3.1 chemistry (MCLAB, San Francisco, CA) using 
protocols recommended by the manufacturer. The resulting 16S rRNA gene sequences were compared 
against sequences in the National Center for Biotechnology (NCBI) dataset using basic local alignment search 
tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul, et al., 1990).  
 
Phylogenetic Analysis of Bacterial Strains 
In order to discern identities and relative taxonomic affiliations of the strains, phylogenetic analyses were 
performed using slight changes to the method described by Rickard and colleagues (Rickard, et al., 2004). 
Briefly, CLUSTALX (version 2.1) (Thompson, et al., 2002) was used to align unambiguous partial 16S rDNA 
from each strain against 16S rDNA sequences from related strains that have been published in the NCBI 
database and in peer-reviewed journals. Neighbor-joining analysis was performed using the correction of 
Jukes and Cantor (Jukes & Cantor, 1969) by using TREECON (ver. 1.3) (Van de Peer & De Wachter, 1997). 
Thermus thermophilus (accession number X07998) was used in the neighbor-joining tree as the outgroup. The 
generated tree was edited with Corel Draw (version X5) (Corel, Ottawa, Ontario, Canada) to highlight the 
phylogenetic relationships among the different species of bacteria. 
 
Visual Coaggregation Assays 
In order to perform visual coaggregation assays, all strains were grown separately to early stationary phase in 
batch-cultures. Cell-suspensions were centrifuged at 3,000 x g for 20 min and washed three times in either 
coaggregation buffer (Cisar et al, 1979) or in autoclaved sterile distilled water, as used by Rickard and 
coworkers (Rickard, et al., 2003). This was performed because evidence indicates that freshwater strains 
coaggregate less-strongly in buffers with high ionic strength (Min, et al., 2010). Thus, when either of two 
potential coaggregating pairs was originally isolated from a freshwater environment, autoclaved distilled water 
was used. In all other cases, cells were washed in coaggregation buffer. Cell-suspensions of an O.D. of 1.5 at 
600nm were then re-suspended and pairs of suspensions were then mixed in equal volumes (200μL) in 
borosilicate tubes (10mm x 75mm).  The tubes were allowed to sit for five minutes, lightly vortexed for 5s, and 
then rolled for 30s. The extent of coaggregation was then assessed visually. Additionally, control suspensions 
of each strain were scored individually in order to assess any potential autoaggregation.  
 
Coaggregation scores were assigned visually based upon the protocol originally described by Cisar and 
colleagues (Cisar et al, 1979). Briefly, combinations of strains were scored for aggregation on a scale from 0 to 
4 with 0 representing no coaggregation, and 4 representing maximal coaggregation. Specifically, each number 
corresponded to the following criteria: 0 – no clearly visible coaggregation in suspension; 1 – small uniformly 
mixed coaggregates in suspension; 2 – large coaggregates but the suspension remains turbid; 3 – large 
coaggregates which settle rapidly but leave some turbidity; 4 – large coaggregates that settle instantly upon 
mixing and rapidly leaves a clear supernatant. Autoaggregation was scored in the same manner and if present 
included in the coaggregation score, as described by Vornhagen and coworkers (Vornhagen, et al., 2013).  
 
Protease Inactivation of Coaggregation 
Proteinaceous cell-surface-expressed moieties that mediate coaggregation are typically referred to as 
adhesins while cell-surface-expressed polysaccharide-containing moieties are typically referred to as receptors 
(Nesbitt, et al., 1993, Kolenbrander, et al., 1995, Sato & Nakazawa, 2014). To infer which coaggregation 
partner strains expressed proteinaceous coaggregation adhesins and which expressed polysaccharide-
containing coaggregation receptors, cell suspensions at an O.D. of 1.0 at 600nm were subjected to protease 
treatment by incubation with 0.45mg/ml proteinase K suspended in PBS (pH 7.4) (Sigma-Aldrich, St. Loius, 
MO) for 1 h at 37°C using a similar approach described by Kolenbrander and colleagues (Kolenbrander, et al., 
1995). Following incubation, cell-suspensions were washed three times at 3000 x g in either sterile water or 
coaggregation buffer, depending on whether one of the suspensions to be tested contained a freshwater strain. 
The cells were then re-suspended to an OD of 1.5 at 600nm and mixed with either an untreated or protease-
treated coaggregation partner strain. Following mixing, the suspensions were scored for coaggregation using 
the same procedure as described above.  
 
Sugar and Amino Acid Reversal of Coaggregation  
In order to further determine if coaggregation could be blocked by simple sugars or amino acids, coaggregation 
assays were performed in cell suspensions suspended in 80mM of the given sugar or amino-acid, as 
described by Min and colleagues (Min & Rickard, 2009). The sugars and amino acids tested were: D-ribose, D-
galactose, D-galactosamine, D-lactose, D-maltose, D-mannose, methyl-α-D-galactopyranoside, N-acetyl-D-
galactosamine, L-alanine, L-arginine, L-cysteine, L-histidine, L-lysine, and L-serine. As described earlier, the 
suspension was allowed to sit for 5 min, and then coaggregation was assessed using the same criteria as 
described above. 
 
Microscopy and Imaging  
The three dimensional structure of coaggregates was examined to determine if any pair-specific cellular 
arrangements could be identified. In preparation for imaging, strains were grown under the conditions 
described for coaggregation assays. Subsequently, after batch-culture growth, cells were centrifuged for 1 
minute at 3,000 x g, and washed 3 times with autoclaved distilled water or coaggregation buffer. As described 
earlier, coaggregation buffer was used in all pairings that did not contain a freshwater bacterial strain as one of 
the coaggregation partners. Strains were stained with either 3.34 µM SYTO® 9 or 5.0 µM SYTO® 59 according 
to manufacturer instructions (Invitrogen, Carlsbad, CA). Stained cells (100µL) were then combined in a 
borosilicate glass culture tubes and gently agitated to allow for coaggregation. Following approximately 30 s of 
agitation, the coaggregating mixture was applied to a glass microscope slide. Coaggregates were imaged 
using a Leica Microsystems SPE confocal laser scanning microscope (Leica, Exon, PA) and associated LAS-
AF software (Leica, Exon, PA). Excitation and emission wavelengths were chosen according to the 
manufacturer’s instructions for the fluorescent stains (Invitrogen, Carlsbad, CA). The resulting image stacks 
were assembled and visualised in three-dimensions using IMARIS software (Bitplane, Zurich, Switzerland). 
The captured renderings were compared in CORELDRAW v. X4 (Corel, Mountain View, CA). 
  
Results 
Taxonomic and Environmental Breadth of Strains Analyzed 
A panel containing a total of 30 microbial strains were assembled (Table 1). This panel of organisms consists 
of 29 bacterial strains, and 1 fungus. Most of the organisms originated from four enviroments: human dental 
plaque, freshwater biofilm, the human nasopharynx, and food processing plants (Table 1, Origin). In addition to 
specifying a source for each strain, we classified each strain as being one of the following microbial archetypes, 
based upon the source environments from which they were isolated and considering where those species are 
typically found to survive: aquatic, broad environment, human oral, or associated with humans and behaving  
as a human opportunistic pathogen. Each archetype classification is not meant to be a umbrella description of 
an organism’s potential environments, but is instead a reflection of the circumstances leading to how/where 
that particular strain is typically isolated. If the strain in our panel represents a genus or species that is isolated 
from numerous environmental locations and does not typically cause disease in healthy humans, then we 
assigned it to the broad environment archetype.    
 
Phylogenetic Analysis of the Panel of Organisms 
Given the broad taxonomic breadth of the panel of strains being investigated in this study, a neighbor-joining 
phylogenetic tree, based upon their partial 16S rRNA gene sequences, was constructed to delineate which 
strains were closely or distantly related (Fig. 1). Ten strains were Gram positive and 19 strains were Gram 
negative. The 10 Gram positive strains belonged to the phyla Firmicutes (all belonging to the class Bacilli) and 
Actinobacteria (all belonging to the class Actinobacteria). No archetypes that could be classified as strictly 
aquatic bacterial strains were Gram positive. The 19 Gram negative strains all belonged to the phylum 
Proteobacteria, 5 were members of the class Alphaproteobacteria and 14 are members of the 
Gammaproteobacteria (Fig. 1). A total of 15 genera were represented in the panel (6 Gram positive and 9 
Gram negative).  
 
Autoaggregation Ability of Strains 
Visual autoaggregation was limited to 7 out of 30 strains (23%), and none of the strains exceeded an 
aggregation score of 1 (small flocs of autoaggregates that do not readily sediment out of suspension). 
Additionally, autoaggregation was only observed in organisms belonging to two of our four microbial 
archetypes, namely, in aquatic and broad sources (Table 2). No relationship was seen between 
autoaggregation and coaggregation. It should be noted that autoaggregation has the potential to mask or 
disrupt coaggregation scoring and in all instances only aggregation in excess of observed autoaggregation was 
scored as coaggregation. However, it was not difficult to identify coaggregating partners by eye 
(macroscopically), even if one of the potential coaggregators exhibited mild autoaggregation. For example, 
coaggregation between Micrococcus luteus 2.13 and weakly autoaggregating (visual score of 1) Rhodococcus 
sp. MF3727 resulted in larger floccules that rapidly settled out of suspension (visual score of 4; Fig. 2). 
 
Coaggregation Ability of Strains 
In order to thoroughly assess coaggregation between bacteria within environments and between bacteria from 
different environments, all possible pair-wise combinations of organisms were tested for coaggregation using 
the visual coaggregation assay. Coaggregation was observed within and between all four microbial archetypes 
and thus classified as intra-environment (between members of the same archetype) or inter-environment 
(between members of different archetypes) coaggregation (Table 2, Fig. 3). Out of all the 435 possible pair-
wise combinations (132 intra-environmental and 303 inter-environment), 66 coaggregation reactions were 
observed (18 intra-environment and 48 inter-environment; Table 2, Fig. 3). Intra-environment coaggregation 
had been previously described between our selected aquatic and oral bacterial strains and was corroborated in 
this study. However, these strains also coaggregated with bacterial strains isolated from different environments 
as well as displaying inter-kingdom coaggregation with the fungus C. albicans SC5314 (Table 2, Fig. 2). Based 
upon the archetype classifications, aquatic bacteria coaggregated in 25/125 (20%) of the inter-environment 
strain pairings; oral bacteria coaggregated in 13/81 (16%) of the inter-environment strain pairings; human 
opportunistic pathogens coaggregated in 24/224 (11%) of the inter-environment strain pairings, and bacteria 
with broad niches coaggregated in 34/176 (19%) of the inter-environment strain pairings (Fig. 3). In total, of the 
66 coaggregations reported, 48 of the interactions were inter-environment coaggregations (73%). Of note was 
the absence of coaggregation observed between bacteria isolated from the nasopharynx (Table 2). Of the 8 
strains isolated from the nasopharyngeal tract, none of them coaggregated with each other and none of the H. 
influenzae strains coaggregated with other strains isolated from the nasopharynx or with strains originally 
isolated from other environments and members of the four archetypes (Fig. 3).  
 
S. natatoria 2.1 was the most promiscuous coaggregating organism, and was found to coaggregate with 16 of 
29 potential partners. M. luteus and C. albicans SC5314 were also found to coaggregate relatively frequently 
and strongly with coaggregation observed with 12 of 29 and 9 of 29 potential partners respectively. Some 
coaggregation scores were inconsistent between experiments. This was despite positive coaggregation 
reactions observed in positive controls. Such variation was frequently observed in Micrococcus luteus 2.13. 
Although Micrococcus luteus 2.13 was a relatively promiscuous coaggregating organism, the expression of 
coaggregation was difficult to reproduce between experiments and was assumed to be due to subtle changes 
in experimental conditions. Nevertheless, all reported coaggregation reactions were observed over multiple 
tests from a minimum of three separate batch cultures. The average coaggregation score as well as range of 
scores are reported and summarised in Table 2. 
 
Inhibition of Coaggregation  
In order to further explore the mechanism of coaggregation between cross environment coaggregating 
organisms (CECOs), eight coaggregators and their strong coaggregation partners were selected for further 
study. All four of our archetypical environmental classifications were represented by these eight strains, as well 
as varying isolation sites. All coaggregation interactions between the 8 chosen strains were analyzed through 
inhibition experiments with protease, sugars, and amino acids. The eight strains chosen for further study were: 
S. oralis 34, S. natatoria 2.1, M. luteus 2.13, C. albicans SC5314, S. enterica ATCC 14028, S. aureus 3.1, R. 
terrae MF3621, and Rhodococcus sp. MF3727. Within these 8 strains, there were 15 identified coaggregation 
reactions of varying strength, and for each of these coaggregating pairs we attempted to identify the organism 
carrying the coaggregation specific receptor or adhesin as well as adhesin specificity for certain sugars or 
amino acids (Fig. 4). 
 
Protease Inactivation 
The effect of protease on coaggregation was assessed by treating both strains separately with protease or by 
reciprocally treating each strain prior to evaluating coaggregation ability. As such, the presence of a protease-
sensitive adhesin or a protease-insensitive receptor (as defined in the methods section) could be inferred to be 
on the cell surface of each partner strain for that specific coaggregation interaction. For example, protease 
treatment of S. natatoria 2.1 cells resulted in the inhibition of coaggregation with 5 of the 6 of the coaggregation 
partnerships (Table 3). The exception was when S. natatoria 2.1 cells were mixed with S. aureus 3.1. For this 
coaggregation partnership, protease treatment of either species failed to inhibit coaggregation, suggesting that 
the interaction was supported by polysaccharide-containing/non-proteinaceous polymers that are insensitive to 
protease (Fig. 4). Of the 15 total coaggregations that were studied, 9 were mediated by protease sensitive 
adhesin and protease insensitive receptor interactions (60%; Table 3, Fig 4). Three coaggregations were 
mediated by protease sensitive adhesin-adhesin interactions (20%; Table 3, Fig 4), and 3 were mediated by 
protease insensitive receptor–receptor interactions (20%; Table 3, Fig 4).  It is possible that protease treatment 
may not have necessarily cleaved and inactivated proteinaceous coaggregation adhesins, resulting in the 
interpretation that the cell-surface-associated moiety is instead a polysaccharide receptor. However, the type 
of protease that was used in this study (proteinase K) was one that has been used previously by other 
researchers and is known to be effective at cleaving a wide variety of proteins (Nesbitt, et al., 1993, Sato & 
Nakazawa, 2014).  
 
Sugar and Amino Acid Inhibition  
A total of 10 of 15 coaggregating pairs were inhibited by a sugar or amino acid (Fig 4) Four were inhibited by 
either a sugar or amino acid, 5 were inhibited by only amino acids, one was inhibited by only sugar (S. enterica 
ATCC 14028 with C. albicans SC5314) and 5 were not inhibited by any of the sugars or amino acids used in 
our test panel, and thus were considered insensitive to inhibition (Table 4). L-arginine inhibited the most 
coaggregations: 7 of 15 (47%) and exclusively inhibited 3/15 coaggregations (20%). It should be noted that 
even though 5 of the coaggregation interactions were inferred to be insensitive to such treatments, this finding 
does not preclude the possibility that other sugars or amino acids not tested in this work could inhibit the 5 
coaggregation interactions. No relationship between sugar or amino acid sensitivity and the type of interaction 
that mediated coaggregation (adhesin-receptor, adhesin-adhesin, or receptor-receptor) was observed (Table 4 
compared with Table 3 and Fig. 4). 
 
Microscopic Examination of Coaggregates  
The microscopic examination of coaggregates developed from pairs of strains shown in Fig. 4 demonstrated 
that, with the exception of one coaggregation partnership, none of the coaggregates contained species that 
were assembled in any visually ordered arrangement. For example, mixing M. luteus 2.13 and Rhodococcus 
sp. MF3727 (Fig. 5A and Fig 5C) resulted in the formation of unordered and interdigitated coaggregate 
mixtures containing each cell type (Fig. 5E). The exception was when S. enterica ATCC 14028 (Fig. 5B) was 
mixed with C. albicans SC5314 (Fig. 5D), which yielded mosaic-like arrangement of cells of the two strains (Fig. 
5F). S. enterica ATCC 14028 cells seemingly occupied space around C. albicans SC5314 cells within the 
coaggregate but, as highlighted by CLSM, did not uniformly cover the outside of the coaggregate, regardless of 
whether excess cells were added to the coaggregated suspension.  
  
Discussion 
With the exception of one study, which focused on the propensity of human oral and human gut bacteria to 
coaggregate (Ledder, et al., 2008), there have been no other major  studies to specifically examine the ability 
of bacteria from one environment to coaggregate with species from another environment. Given that many 
microbial species can traverse and reside in a range of environmental conditions, such as M. luteus which is 
often isolated in aquatic, broad, human and food sources (Sims, et al., 1986, Eady, et al., 2000, Rickard, et al., 
2004, Garcia Fontan, et al., 2007), an ability to recognise and coaggregate with species within foreign biofilms 
would aid in biofilm colonization. For example, such a possibility has been implied to occur for the extended 
survival and persistence of Campylobacter species in freshwater biofilm systems (Buswell, et al., 1998). Here 
we show that coaggregation does indeed occur between bacteria isolated from different environments and we 
highlight the intra- and inter- environment coaggregation ability of 7 species of bacteria and the fungus C. 
albicans. Furthermore, we show that protein adhesin and saccharide receptor interactions most commonly 
mediate coaggregation between these strains (Fig. 5).  
 
When considering the taxonomic breadth of the species investigated in this study, as well as the environments 
in which they were originally isolated and typically grow, it is perhaps not surprising that coaggregation was 
detected for some species and not others. For instance, S. natatoria 2.1 has previously been shown to be a 
promiscuous coaggregating organism that can specifically adhere to numerous freshwater strains (Rickard, et 
al., 2000, Rickard, et al., 2002). Members of the genus Sphingomonas, and more specifically members of the 
contained species S. natatoria, are widely distributed throughout nature in numerous distinct environments 
including deep subsurface sediment (Zlatkin, et al., 1996), biofilms growing within large roof-situated air 
handling systems (Hugenholtz & Fuerst, 1992), on food production surfaces (Bore & Langsrud, 2005), in 
hospital water within rubber-interior flexible metal hoses in a neonatal intensive care unit (Buffet-Bataillon, et al., 
2010), and in chlorinated hospital tap water (Furuhata, et al., 2007). Members of the genera Sphingomonas 
are also able to metabolise a broad array of chemical compounds, many which are toxic to humans (Balkwill, 
et al., 2006). Given the environmental breadth of S. natatoria, ability to form biofilms, and ability to metabolise 
noxious compounds, it is conceivable that this species would make an attractive species to target for 
colonization via coaggregation. Thus, S. natatoria and other aquatic species may allow organisms such as S. 
aureus and C. albicans (Fig. 4) to survive and persist under conditions that may be sub-optimal as compared 
to their normal habitats (in this case, associated with humans/animals). Although seldom reported, because 
both species are primarily studied in the context of human infection, both S. aureus and C. albicans have been 
isolated and/or detected from freshwater and wastewater biofilms (Cook & Schlitzer, 1981, Brinkman, et al., 
2003, Schwartz, et al., 2003, Lancellotti, et al., 2007). Coaggregation interactions may be particularly important 
in environments where large volumes of water is used for cleaning and disinfection, such as on food 
preparation surfaces (Langsrud, et al., 2006) or on dental equipment that are linked to water lines (Walker, et 
al., 2004), and even more relevant in those environments where there is significant fluid shear (Rickard, et al., 
2004). When considering dental unit water lines (DUWL), a study by Spratt and colleagues (Spratt, et al., 2004) 
demonstrated that S. oralis, E. faecalis, and S. aureus (three species that were shown to be CECOs in this 
study; Table 2) can survive in multi-species biofilms in freshwater. Interestingly and of relevance to the 
possible role of coaggregation in biofilm colonization, the authors noted that if the human opportunistic 
pathogens S. oralis, E. faecalis, and S. aureus were introduced to new DUWL along with waterborne species, 
a biofilm was formed containing only the waterborne species. However, when an existing biofilm containing the 
freshwater species was developed before the introduction of S. oralis, E. faecalis, and S. aureus, then these 
human opportunistic pathogens could integrate into the existing biofilm (Spratt, et al., 2004). 
 
While it is important to focus on those species that coaggregated, especially those that coaggregated with 
species from a different microbial archetype (CECOs), it is equally important to pay attention to the species 
that did not coaggregate. In particular, none of the five H. influenzae strains coaggregated with any strains 
evaluated in our test panel. Emphasizing this point, there were a possible 135 pair-wise combinations of 
organisms involving H. influenzae, and none yielded coaggregation reactions. In addition, the organisms 
Serratia proteamaculans MF3626 and Pseudomonas sp. MF3600 isolated from food preparation surfaces 
(belonging to the broad microbial archetype) did not coaggregate with any other strains. It is not clear why 
these strains did not coaggregate but it is possible that either strains not evaluated in this panel are able to 
coaggregate with these organisms, the batch-culture conditions to grow these strains was not favorable for the 
expression of coaggregation ability, coaggregation is strain- or species- specific, or that all members of these 
species do not coaggregate with any others. At present, there are published examples of Pseudomonas 
species coaggregating with other species (Komiyama, et al., 1987, Rickard, et al., 2002, Hill, et al., 2010) but 
there are no published examples of coaggregating strains of S. proteamaculans or H. influenzae. Gthat H. 
influenzae is regarded as being indigenous to the human nasopharynx and has only very occasionally been 
isolated elsewhere on the human body (and not in the natural environment) (Musher, 1996, Gonzalez, et al., 
2014), it is possible that  an ability to coaggregate does not enhance H. influenzae colonization or persistence 
in biofilms; whether within the nasopharynx or in foreign environments. Interestingly, a close relative of H. 
influenzae, the human oral bacterium Haemophilus parainfluenzae, has been shown to coaggregate with oral 
streptococci (Skopek & Liljemark, 1994). When further considering S. proteamaculans, the type strain originally 
being isolated from Equisetum plants (Neupane, et al., 2013), has been isolated from a variety of environments 
and has the ability to grow and compete with other species at low (psychrotrophic) temperatures and promote 
food spoilage (Daneshvar Alavi & Truelstrup Hansen, 2013, Leroi, et al., 2015). It is therefore certainly possible 
that the conditions used to culture this species were not conducive for the species to coaggregate. It would be 
interesting to explore how batch culture conditions influence the coaggregation ability of this and other 
microorganisms. 
 
Inconsistent coaggregation scores were detected for certain coaggregating pairs of organisms (Table 2). 
Scores were observed to vary in either a binary or continuous manner. That is, for binary pairs, coaggregation 
was not always observed, but when it was, it appeared with a consistent score. In continuous pairs, the 
presence of coaggregation varied over a range of scores. Both of these observations could result from the non-
constitutive (differential) expression of cell-surface-associated polymers on one or both of the coaggregating 
strains (Rickard, et al., 2004). Cell physiology and surface properties (including polysaccharide content and the 
expression of adhesins) can vary in a species-dependent manner that is influenced by changes in the growth 
environment (Ellwood & Tempest, 1972) and more recently it has been shown that coaggregation can be 
batch-culture growth dependent, at least for freshwater bacteria (Rickard, et al., 2000). It is thus very possible 
that the numbers of coaggregation interactions that occur between the strains in our panel are a conservative 
estimate because cells were only harvested at early stationary phase in batch cultures. If coaggregation is 
indeed growth-phase-dependent for certain species, this will potentially have relevance for species interaction 
and biofilm formation in nature.  
 As demonstrated by the protease treatments (Table 3, Fig. 4), coaggregation can seemingly be mediated by at 
least four mechanisms that utilise combinations of protease sensitive adhesins and protease insensitive 
receptors. The interaction of protease sensitive adhesins and protease insensitive receptors is suggestive of 
lectin-adhesin and complementary polysaccharide receptor interactions (Rickard, et al., 2003). Such a finding 
is interesting when one considers the potential for using sugars for anti-adhesion/anti-biofilm therapies (Sharon, 
2006). It should be noted, however, that only 9/15 (60%) of the studied interactions were seemingly mediated 
by protease sensitive adhesin and protease insensitive receptor interactions. Results suggest that that these 
remaining (6/15) interactions could be mediated (i) by complementary polysaccharides (ii) by complementary 
proteins that are insensitive to protease or (iii) by lectin-adhesin and complementary polysaccharide receptor 
interactions involving two or more adhesins and complementary receptors, on either coaggregation partner 
(Fig. 4). Complimentary cell-surface-expressed polysaccharides could conceivably bind to one another to 
contribute to coaggregation (Sutherland, 1983, Sutherland, 1999) and surface-expressed complementary 
proteins are known to  mediate coaggregation between the oral bacteria Porphyromonas gingivalis and 
Streptococcus gordonii (Daep, et al., 2006). When considering the possibility of of combinations of protein 
adhesin and polysaccharide receptors, this has been observed to occur between the oral bacteria 
Porphyromonas gingivalis and Treponema denticola, and is described as a bimodal coaggregation interaction 
(Grenier, 1992). Interestingly, Grenier (Grenier, 1992) also demonstrated that L-arginine inhibited 
coaggregation between P. gingivalis and T. denticola and the work presented here also indicates that L-
arginine can inhibit coaggregation between species. L-arginine inhibited coaggregation between 6/15 of the 
pairs studied in detail (Fig 4, Table 4). The precise mechanism behind the ability of L-arginine to inhibit 
coaggregation is unclear but may relate to the positive charge of this amino acid and interaction with the cell 
membrane and envelope of microorganism. Notably, specific arginine-inhabitable adhesins of the oral 
bacterium Fusobacterium nucleatum, Aid1 and RadD, have been characterised (Edwards, et al., 2007, Kaplan, 
et al., 2009, Kaplan, et al., 2014).  
 
Not only was cross-environment coaggregation detected between strains but inter-kingdom coaggregations 
were also detected. Specifically, C. albicans SC5314 coaggregated with nine strains of bacteria and such 
interactions may have significant relevance when considering biofilm development. For example, in a C. 
elegans model system, S. enterica has been observed to inhibit the filamentous growth of C. albicans, and has 
also been shown to interfere with the yeast form to a lesser extent (Tampakakis, et al., 2009). This antagonistic 
interaction was observed to be mediated by a secretory molecule of S. enterica and coaggregation could, by 
reducing cell-cell distance, enhance the ability of S. enterica to inhibit the growth of C. albicans (Kolenbrander, 
et al., 2010). At present there are relatively few investigations of coaggregation between fungi and bacteria and 
studies of such interactions could yield new technologies to inhibit the development of fungal or bacterial 
communities, especially those within biofilms.  
 
Using CLSM, we detected an unusual cellular arrangement within coaggregates containing S. enterica ATCC 
14028 and C. albicans SC5314 (Fig. 5). Typically, coaggregates are unordered and interdigitated in their 
arrangement, for example as observed to occur between the oral bacteria S. gordonii DL1 and A. naeslundii 
MG1 (Jakubovics, et al., 2008). However, some partitioning of cells within coaggregates can occur if one or 
both coaggregating species also strongly aggregates with itself (autoaggregation), for example  between the 
freshwater bacteria  Methylobacterium hispanicum AH007 and Microbacterium trichothecenolyticum 
(Vornhagen, et al., 2013).  For S. enterica ATCC 14028 and C. albicans SC5314 we observed a mosaic-like 
arrangement (Fig. 5F versus 5E). Whether this arrangement has relevance to how these two species might 
metabolically interact is unclear. However, recognizably ordered arrangements have also been observed in 
coaggregates for certain oral bacteria and a notable example is between the obligate anaerobic species 
Fusobacterium nucleatum and  Streptococcus sanguis which coaggregate to form  “corn cobs” (Lancy, et al., 
1983). The formation of such structures is believed to reduce oxygen tension around F. nucleatum and mask it 
from other oral species to allow enhanced integration within oral biofilms (He, et al., 2012, Katharios-
Lanwermeyer, et al., 2014). Thus, if coaggregation provides a mechanism to generate defined arrangements of 
cells in coaggregates, that gives/enhances function, it is possible that the mosaic structure formed by S. 
enterica ATCC 14028 has functional relevance to how it can antagonise C. albicans within biofilms 
(Tampakakis, et al., 2009).  
 
The work presented here demonstrates that microorganisms isolated from different environments (and 
categorised here to belonging to different archetypes) can coaggregate with each another. Based upon our 
results, we propose such organisms should be referred to as cross environment coaggregating organisms 
(CECOs) and such coaggregations may represent a method by which microorganisms can integrate into 
biofilms within different environments. While coaggregation will enable the co-localization of CECOs in biofilms 
(Kolenbrander, et al., 2010), the outcome of the coaggregation between the strains described in this work is 
not clear. Conceivably, the co-localization of species through coaggregation could facilitate competitive or 
synergistic interactions between the coaggregating species. These could be facilitated through cell-cell 
signaling, metabolite exchange, or the production of toxins such as bacteriocins (Katharios-Lanwermeyer, et al., 
2014). As such, this work lays the foundation for future biofilm studies to examine the importance of 
coaggregation between specific pairs of microorganisms from different environments and how these 
interactions could contribute to biofilm development. From an applied perspective, an understanding of such 
interactions may allow for more intricate biofilm control strategies beyond the use of antimicrobials.  
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Fig. 1 
 
 
 
Fig. 1: Neighbor-joining phylogenetic tree of the partial 16S rRNA gene sequences from bacterial strains used 
for coaggregation studies. Colors reflect the designated environmental archetype of the strain: red, orange, 
green, and blue text indicates strains designated as broad environmental strains, human opportunistic 
pathogens, strains common to the human oral cavity, and aquatic strains, respectively. Black colored text 
highlights reference strains in the NCBI sequence database. Scale bar represents one substitution for every 10 
nucleotides. The outgroup sequence is from Thermus thermophilus (accession number AJ251638). 
  
Fig. 2 
 
 
Fig. 2: Examples of coaggregation interactions between microorganisms studied. (A) Intergeneric cross-
environment coaggregation between M. luteus 2.13 and mildly autoaggregating Rhodococcus sp. MF2727 
(visual score of 1) to yield a coaggregating suspension with a visual coaggregation score of 4. (B) Intergeneric 
cross-environment coaggregation between M. luteus 2.13 and S. aureus 3.1 to yield a coaggregating 
suspension with a visual coaggregation score of 4. (C) Inter-kingdom cross-environment coaggregation 
between S. natatoria 2.1 and the fungus C. albicans SC5314 to yield a coaggregating suspension with a visual 
coaggregation score of 4. Bar represents 10 mm.   
Fig. 3 
 
Fig. 3: A diagrammatic representation of the number of coaggregation interactions within and between 
strains belonging to the four microbial archetypes. Coaggregation tests were performed on batch-culture-
grown early stationary-phase cells. Numbers denote the number of actual coaggregations detected 
against total possible pair-wise coaggregations. The percentage of coaggregation positive partnerships is 
also included.  
 
 
 
 
 
  
  
Fig. 4 
 
 
 
Fig. 4: Diagram showing selected strains, including cross-environment coaggregating organisms (CECOs) that 
coaggregated. For reference, a strong intra-environment coaggregation interaction between the CECO C. 
albicans SC5314 and S. enterica ATCC 14028 are also included in the diagram. The protein adhesins and 
receptor polysaccharides that mediate coaggregation between the CECOs are highlighted, as are the visual 
scores. Where protein-protein or polysaccharide-polysaccharide interactions are noted, it is important to note 
that such interactions are inferred from protease treatments and subject to limitations (as described in text). 
Cell sizes and shapes are approximate and not to scale.   
Fig. 5 
 
 
Fig. 5: Representative confocal laser scanning microscope images from multiple experiments demonstrating 
two architecturally distinct types of coaggregates. Cells of each species have been falsely colored to aid in 
differentiating the distribution of the two species in the coaggregates. (A) Single-species suspension of S. 
enterica ATCC 14028. (B) Single-species suspension of M. luteus 2.13. (C) Single-species suspension of C. 
albicans SC5314. (D) Single-species suspension of Rhodococcus sp. MF3727 (E) Dual-species suspension 
containing coaggregating S. enterica ATCC 14028 and C. albicans SC5314. Component species are arranged 
in a mosaic-like pattern within the coaggregates. (F) Dual-species suspension containing coaggregating 
Rhodococcus sp. MF3727 and M. luteus 2.13. Component species are arranged in an interdigitated array 
within the coaggregates.  
Table 1 
Strain Origin Microbial Archetype  Accession Number Source 
Streptococcus oralis 34 Dental Oral LN589729 (Palmer, et al., 2001) 
Streptococcus gordonii DL1 Dental Oral CP000725 (Palmer, et al., 2001) 
Streptococcus sanguinis ATCC 10556 Dental Oral LN589728 ATCC Culture Selection 
Sphingomonas natatoria 2.1 Aquatic biofilm Aquatic AJ250434 (Rickard, et al., 2002) 
Methylobacterium sp. 2.7 Aquatic biofilm Aquatic AJ299223 (Rickard, et al., 2002) 
Sphingomonas sp. 2.11 Aquatic biofilm Aquatic AJ299226 (Rickard, et al., 2002) 
Sphingomonas sp. 2.12 Aquatic biofilm Aquatic AJ299227 (Rickard, et al., 2002) 
Micrococcus luteus 2.13 Aquatic biofilm Broad AJ250438 (Rickard, et al., 2002) 
Sphingomonas sp. 2.18 Aquatic biofilm Aquatic AJ299229 (Rickard, et al., 2002) 
Pseudomonas sp. 2.19 Aquatic biofilm Broad AJ299230 (Rickard, et al., 2002) 
Staphylococcus aureus 3.1 Nasopharyngeal Swab Opportunistic Human Pathogen LN589724 Clinical Strain, unpublished 
Pseudomonas aeruginosa 3.2 Nasopharyngeal Swab Opportunistic Human Pathogen LN589738 Clinical Strain, unpublished 
Enterococcus faecalis 3.3 Nasopharyngeal Swab Opportunistic Human Pathogen LN589725 Clinical Strain, unpublished 
Streptococcus pyogenes 3.4 Nasopharyngeal Swab Opportunistic Human Pathogen LN589727 Clinical Strain, unpublished 
Haemophilus influenzae H7 Nasopharyngeal Swab Opportunistic Human Pathogen LN589736  (Xie, et al., 2006) 
Haemophilus influenzae H55 Nasopharyngeal Swab Opportunistic Human Pathogen LN589735  (Xie, et al., 2006) 
Haemophilus influenzae J14 2.2 Nasopharyngeal Swab Opportunistic Human Pathogen LN589733 (Farjo, et al., 2004) 
Haemophilus influenzae K15 N2.6 Nasopharyngeal Swab Opportunistic Human Pathogen LN589734 (Sandstedt, et al., 2010) 
Haemophilus influenzae M32 Human blood isolate Opportunistic Human Pathogen LN589737  (Xie, et al., 2006) 
Salmonella enterica ATCC 14028 Calf Liver Opportunistic Human Pathogen CP001363 ATCC Culture Selection 
Candida albicans SC5314* Human Infection Opportunistic Human Pathogen AACQ00000000 ATCC Culture Selection 
Acinetobacter baumanii MF3279 Food Processing Opportunistic Human Pathogen LN589740 (Langsrud, et al., 2006) 
Enterococcus faecalis MF3280 Food Processing Opportunistic Human Pathogen LN589726 (Langsrud, et al., 2006) 
Acinetobacter calcoaceticus MF3293 Food Processing Broad LN589741 (Langsrud, et al., 2006) 
Pseudomonas sp. MF3600 Food Processing Broad LN589739 (Møretrø, 2013) 
Rothia terrae MF3621 Food Processing Broad LN589722 (Møretrø, 2013) 
Serratia proteamaculans MF3626 Food Processing Broad LN589730 Even Heir, unpublished 
Enterobacter sp. MF3630 Food Processing Opportunistic Human Pathogen LN589731 (Møretrø, 2013) 
Citrobacter freundii MF3631 Food Processing Broad LN589732 (Møretrø, 2013) 
Rhodococcus sp. MF3727 Food Processing Broad LN589723 (Schirmer, et al., 2013) 
 
Table 1: Information pertaining to the strains used in this study, including original isolation source, designated 
microbial archetype for this study, and accession code assigned by the Genbank following partial 16S rRNA 
gene sequencing and submission of sequence to the Genbank DNA database. Previously published 16S rRNA 
gene sequences of strains are highlighted indicated in the ‘Source’ column. * Candida albicans SC5314 lacks a 
16S rRNA gene but is ATCC validated (ATCC MYA-2876). 
 
 
 
 
 
 
 
 
Table 2 
 
Table 2: Determination of ability of strains to coaggregate, as inferred by the visual coaggregation assay, by 
mixing all 30 strains in all possible pair-wise combinations. Every mixing was performed at-least two times from 
strains harvested from different batch cultures. If both tests yielded a negative result a third test was not 
performed. If one or both of the first tests yielded a coaggregation score, then a third test was performed, at 
minimum, to confirm findings. * Score varied from 0-3; ** Score varied from 1-4; ***Score varied from 0-4.  
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Sphingomonas natatoria 2.1 0 4 4 4 3 2 3 4 3 4 0 2* 4 2 0 2 0 2* 2* 2*** 0 0 0 0 0 0 0 0 0 0 
Micrococcus luteus 2.13  0 2*** 1 4 1 4*** 1 4 0 0 1*** 0 2* 0 4 0 3 0 0 0 0 0 0 0 0 0 0 0 0 
Candida albicans SC5314   0 3 0 1 3*** 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1* 3 0 0 0 0 0 0 0 
Sphingomonas sp. 2.11    0 0 2 0 0 0 0 2 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Streptococcus oralis 34     0 0 4 1*** 0 0 1*** 3 0 3 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Methylobacterium sp. 2.7      1 1* 1 0 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rothia terrae MF3621       1 0 0 0 0 2*** 1 0 0 0 2* 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sphingomonas sp. 2.12        1 0 0 2 0 0 0 1* 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Rhodococcus sp. MF3727         1 0 4 0 0 0 0 0 1 2 0 1* 0 0 0 0 0 0 0 0 0 0 
Citrobacter freundii  MF3631          0 0 0 1 0 0 4 1 0 0 2 0 0 0 0 0 0 0 0 0 0 
Acinetobacter calcoaceticus MF3293           1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Streptococcus gordonii DL1            0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 
Streptococcus sanguinis ATCC 10556             0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sphingomonas sp. 2.18              0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Acinetobacter baumannii  MF3279               0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pseudomonas sp. 2.19                0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Staphylococcus aureus 3.1                 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Streptococcus pyogenes 3.4                  0 0 0 0 0 0 0 0 0 0 0 0 0 
Enterococcus faecalis 3.3                   0 0 0 0 0 0 0 0 0 0 0 0 
Pseudomonas aeruginosa 3.2                    0 0 0 0 0 0 0 0 0 0 0 
Enterococcus faecalis MF3280                     0 0 0 0 0 0 0 0 0 0 
Enterobacter sp. MF3630                      1 0 0 0 0 0 0 0 0 
Salmonella enterica ATCC 14028                       0 0 0 0 0 0 0 0 
Pseudomonas sp.MF3600                        0 0 0 0 0 0 0 
Serratia proteamaculans MF3626                         0 0 0 0 0 0 
Haemophilus influenzae H7                          0 0 0 0 0 
Haemophilus influenzae H55                           0 0 0 0 
Haemophilus influenzae  J14 2.2                            0 0 0 
Haemophilus influenzae  K15 N2.6                             0 0 
Haemophilus influenzae M32                              0 
Number of coaggregation partners 16 12 9 8 8 8 8 7 7 6 5 5 5 4 4 4 3 3 3 3 2 1 1 0 0 0 0 0 0 0 
Intra-environmental coaggregation 
partners 
5 4 5 3 2 5 1 3 2 0 1 1 2 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 
Inter-environment coaggregation 
partners 
11 8 4 5 6 3 7 4 5 6 4 4 3 3 3 4 3 3 3 3 3 0 0 0 0 0 0 0 0 0 
 Table 3 
 
 
 
 
 
 
 
Table 3: The effect of protease treatment on coaggregation scores of selected coaggregating pairs when each 
partner is pretreated separately with protease, washed, and then mixed with either a treated (T) or an 
untreated (UT) partner. 
 
 
 
 
 
 
 
 
  
M. luteus 
2.13 
Rothia terrae 
MF3621 
Rhodococcus 
sp. MF3727 
S. oralis 
34 
C. albicans  
SC5314 
S. aureus 
3.1 
S.enterica 
ATCC 14028 
UT T UT T UT T UT T UT T UT T UT T 
S. natatoria 2.1 
UT 4 4 3 3 3 3 3 3 4 4 2 2 0 0 
T 0 0 0 0 0 0 0 0 1 1 2 2 0 0 
M. luteus 2.13 
UT 
 
4 0 4 4 4 0 2 2 4 0 0 0 
T 0 0 0 0 0 0 2 2 0 0 0 0 
Rothia terrae 
MF3621 
UT 
  
0 0 4 0 3 3 0 0 0 0 
T 0 0 4 0 3 3 0 0 0 0 
Rhodococcus sp. 
MF3727 
UT 
  
 0 0 1 1 0 0 0 0 
T  0 0 0 0 0 0 0 0 
S. oralis 34 
UT 
   
  0 0 0 0 0 0 
T  0 0 0 0 0 0 
C. albicans 
SC5314 
UT 
     
0 0 3 3 
T 0 0 0 0 
S. aureus 3.1 
UT 
       
0 0 
T 0 0 
Table 4 
 
 
 
 
 
Table 4: The inhibitory effect of sugars or amino acids on coaggregation between selected pairs of 
microorganisms. Numbers denote untreated visual coaggregation score and, in brackets, coaggregation score 
after treatment with sugar or amino acid. NC indicates that no coaggregation interaction was observed. 
  
Strain M. luteus 2.13 
R. terrae 
MF3621 
Rhodococcus 
sp. MF3727 
S. oralis 
34 
C. albicans 
SC5314 
S. aureus 
3.1 
S. enterica ATCC 
14028 
S. natatoria 
2.1 
D-galactosamine 
4 (0), L-arginine 4 
(1). 
L-arginine 3 (1), 
L-histidine 3 (2) 
L-arginine 3 (0) L-arginine 3 (0) L-arginine 4 (0) 
L-serine 2 
(1), 
L-alanine 2 
(1), 
D-lactose 2 
(0) 
NC 
M. luteus 
2.13 
 
L-arginine 3 (0), 
D-ribose 3 (0) 
Insensitive to  
treatments 
L-cysteine 4 (3), 
D-ribose 4 (0), 
D-mannose 4 
(0), 
L-alanine 4 (3) 
Insensitive to  
treatments 
L-cysteine 4 
(2), 
L-arginine 4 
(0) 
NC 
R. terrae 
MF3621 
  NC 
Insensitive to 
treatments 
Insensitive to   
treatments 
NC NC 
Rhodococcus 
sp. MF3727 
   NC 
Insensitive to  
treatments 
NC 
NC 
S. oralis 
34 
    NC NC 
NC 
C. albicans 
SC5314 
     NC D-mannose 3 (0) 
S. aureus 
3.1 
      NC 
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